Introduction
[2] Pressure (P) -induced amorphization has been documented in a large number of materials over the last few decades [Sharma and Sikka, 1996] . Ca(OH) 2 -portlandite has been regarded as a prime example of P-induced amorphization for hydrous materials. The mineral has a simple 2-D structure consisting of layers of CaO 6 octahedra parallel to (001) and O-H bonds oriented parallel to the caxis, making it ideal for studying the role of OH bonding for the stability of crystal structures at high P. Also, it provides insight into the behavior of structurally more complex hydrous minerals, such as serpentine, the high P stability of which is important for understanding the transport of water to the deep interior of the Earth. Additionally, the amorphization of hydrous materials at high P has been proposed as the source of deep focus earthquakes at subduction zones [Meade and Jeanloz, 1991] .
[3] Meade and Jeanloz [1990] reported the disappearance of diffraction lines of Ca(OH) 2 between 10.7 and 15.4 GPa, suggesting amorphization. A rapid broadening of the OH stretching vibrational modes was observed at the amorphization pressure [Kruger et al., 1989; Duffy et al., 1995] , indicating disordering of the OH sublattice. A later diffraction study confirmed the amorphization [Nagai et al., 2000] .
However, all of these measurements were conducted without a pressure transmitting medium [Meade and Jeanloz, 1990; Duffy et al., 1995] , or with a rigid silicon oil medium [Nagai et al., 2000] . Ekbundit et al. [1996] confirmed the amorphization in powder samples but reported a transition to a crystalline phase occurring at 6 GPa and room temperature in single crystal Ca(OH) 2 . They attributed the different high-P behavior to the effect of grain size.
[4] Here we investigate the high-P behavior of powder Ca(OH) 2 samples to 26 GPa under quasi-hydrostatic conditions by X-ray diffraction (XRD) and Raman spectroscopy. We have found a transition to a crystalline phase at 8 GPa and room temperature. We show that the earlier observations of amorphization were due to deviatoric stress.
Experimental
[5] Synthetic Ca(OH) 2 (Sigma-Aldrich, 99.995% purity) was gently ground with 10 wt% Au as an internal pressure standard [Shim et al., 2002] for XRD measurements. The sample mixture was pressed to a foil and loaded into a diamond-anvil cell with Ar for use as a pressure medium. Angle dispersive diffraction measurements were performed using a monochromatic X-ray beam (30 keV) and a Mar345 imaging plate at beamline 12.2.2 of the Advanced Light Source (ALS) and the GSECARS sector of the Advanced Photon Source (APS). X-ray semi-transparent cBN seats allow us to measure a diffraction angle up to 22°2q. Diffraction images were reduced to 1-D diffraction patterns using FIT2D [Hammersley, 1997] . Pressure measurements are based on the fitting of 3 -5 gold lines.
[6] Raman spectra were measured with the 514.5-nm beam of an Ar/Kr mixed ion laser and a CCD detector. Low-fluorescence natural diamond anvils were used. The spectrometer was calibrated using the Ne emission spectrum with a wavenumber calibration better than 1 cm
À1
. Pressure was measured from ruby fluorescence spectra [Mao et al., 1986] .
Results
[7] All diffraction lines below 8 GPa are explained by portlandite, pressure scale (Au), and pressure medium (Ar) (Figure 1 ). We observed smooth, continuous diffraction rings of portlandite, indicating that the sample grain size is much smaller than the X-ray beam size (10 Â 20 mm ). There is a significant volume of Ar in our sample loading, evident in the XRD patterns (Figure 1 ), assuring more hydrostatic conditions than the previous measurements with no pressure medium [Meade and Jeanloz, 1990] or a rigid medium [Nagai et al., 2000] . Our unit-cell parameters and equation of state of portlandite are consistent with the previous measurements within experimental uncertainties up to 10.1 GPa; for example, we obtained a = 3.447(1) Å and c = 4.424(2) Å at 10.1 GPa which is in agreement with the previous report within 0.8% [Meade and Jeanloz, 1990] .
[8] Our Raman observations of portlandite are also in complete agreement with previous studies [Duffy et al., 1995; Ekbundit et al., 1996; Meade et al., 1992] up to 8 GPa (Figures 2 and 3 ). In particular, as observed previously, the OH peak gradually broadens with P and is no longer measurable above 10.2 GPa (Figure 2b ), which has been attributed to disordering of the OH bonds [Kruger et al., 1989; Duffy et al., 1995] .
[9] New diffraction lines emerge in XRD patterns between 8.5 and 11.9 GPa and persist to the maximum P of this study, 25.7 GPa (Figure 1 ), while the diffraction lines of portlandite weaken with P and finally disappear near 11.9 GPa, indicating that Ca(OH) 2 undergoes a phase transition and the new high-P phase has long-range order. At 10.1 GPa, the diffraction lines of the high-P phase are approximately as broad as the coexisting portlandite lines. The new lines move to lower d-spacing with smaller rates, suggesting that the high-P phase is less compressible than portlandite.
[10] Between 9.4 and 12.4 GPa, new lattice modes appear (Figures 2a and 3b) , again verifying that the high-P phase has long-range order. Two new peaks begin to emerge at the OH stretching vibrational frequency range at 9.4 GPa and increase in intensity with P to a maximum at 16.2 GPa (n A (OH) and n B (OH) in Figures 2b and 3a) . The portlandite OH mode coexists up to 10.2 GPa where it finally disappears. The new OH modes have a factor of 3-4 smaller widths than that of portlandite at 10.2 GPa (Figure 3c ), indicating reordering of the OH sublattice across the phase transition. Both new OH modes show negative pressure shifts and the n A (OH) mode has a much more rapid decrease with P. We find a 3-to 4-fold broadening of the OH modes to 21.1 GPa. Above this P they are no longer measurable (Figures 2b and 3a) .
[11] Near 21-22 GPa, coincident with the disappearance of the new OH modes, several lattice modes show a change in their rate of increase in frequency with P (Figure 3 ). This may indicate that Ca(OH) 2 undergoes another change in structure at this P range. The persistence of the lattice modes and diffraction lines suggest the structure retains long-range order in the Ca-O sublattice but has disordered OH bonds.
[12] During decompression, the two OH modes of the high-P phase reappear at 12.0 GPa indicating reordering of the OH sublattice. The lattice modes of the high-P phase persist to 4.0 GPa, with no evidence for portlandite modes. At 3.1 GPa, the sample has completely reverted to portlandite. The mode frequencies at ambient P after decompression perfectly match those of an uncompressed sample. During decompression, diffraction lines of the high-P phase persist until at least 4.7 GPa (Figure 1) , where the diffraction lines of portlandite appear. At 1.0 GPa, the sample has Solid and open markers denote compression and decompression, respectively. The circles and the squares represent the low-and high-P phases, respectively. The first shaded region indicates a mixed low-and high-P phase region, while the second shows the P range where mode shifts change. For comparison, we show results from other studies [Ekbundit et al., 1996; Meade et al., 1992; Duffy et al., 1995] . A polynomial fit to our data is shown to guide the eye (solid lines in Figures b  and c) .
completely reverted to portlandite. Thus the phase transition observed at 8.5 GPa during compression is reversible.
Discussion
[13] Both XRD and Raman spectroscopy measurements indicate that the high-P phase appearing at 8.5 GPa has longrange order in the Ca-O sublattice with ordered O -H bonds. This is in contrast with previous reports of amorphization at nearly the same P [Meade and Jeanloz, 1990; Kruger et al., 1989; Nagai et al., 2000; Duffy et al., 1995] . Furthermore, we do not observe any sign of amorphization up to our maximum P although the O -H bonds disorder at 22.2 GPa.
[14] Due to the broadness of its diffraction lines, it is difficult to determine the crystal structure of the high-P phase although its d-spacings are consistent with an orthorhombic or monoclinic unit-cell. We compare the XRD patterns of some high-P structures reported for brucite-type hydroxides, including Ca(OH) 2 -II reported at 7.2 GPa and 573 K [Kunz et al., 1996] and the Sr(OH) 2 type [Partin and O'Keeffe, 1995] . However, none of these provide satisfactory results for the XRD patterns of the new high-P phase. A transition to Ca(OH) 2 -II or Sr(OH) 2 requires major reconstruction of the crystal structure including a coordination number increase for Ca. Therefore, it may be difficult for Ca(OH) 2 to transform directly to these phases at room temperature where the kinetic effects are large.
[15] The most important difference with previous measurements is the use of the soft Ar medium in our study. To evaluate the stress conditions in our sample relative to those in non-hydrostatic experiments, we prepared another sample by filling the sample chamber with the same portlandite powder and a couple of ruby grains without any pressure medium. This is similar to the sample setup of Meade and Jeanloz [1990] . In these measurements, ruby was roughly at the center of the sample chamber, surrounded by portlandite.
[16] In the Ar-loaded sample, the full width at half maximum (FWHM) of R 1 has little change over the P range of this experiment (Figure 4a ). However, in the non-hydrostatic run, the FWHM increases dramatically to about 8 GPa, where it plateaus and then gradually increases above 20 GPa. The R 1 and R 2 lines keep a roughly constant separation in the Ar sample to 26.6 GPa, whereas the non-hydrostatic sample shows a sharp increase in R 1 -R 2 to 9 GPa followed by a slight drop and then gradually increases again (Figure 4b ).
[17] Previous studies have shown that pressure gradients result in broadening of the R 1 ruby line [Chai and Brown, 1996; Shen et al., 2004] . An increase in the R 1 À R 2 separation is indicative of the development of deviatoric stress because the wavelength of R 2 is only sensitive to the local mean stress while R 1 is affected by deviatoric stress in the sample [Chai and Brown, 1996; Shen et al., 2004] . Therefore, the steep increase in the FWHM of the R 1 ruby line and the R 1 À R 2 separation to about 9 GPa without a pressure medium indicate increases in both the pressure gradients and the deviatoric stress with P. The flattening, or even decrease in the values, occur over the P range reported for the amorphization of non-hydrostatically loaded Ca(OH) 2 [Meade and Jeanloz, 1990; Nagai et al., 2000] . This indicates that deviatoric stresses are responsible for the earlier observation of amorphization. In other words, the deviatoric stress reinforces the system to bypass a transition to an energetically more favorable phase which has long-range order.
[18] Ekbundit et al. [1996] found that single crystal Ca(OH) 2 transforms to a crystalline phase at 6 -8 GPa whereas powder samples undergo amorphization at 11 GPa, regardless of the existence of a pressure medium. They attributed the different behaviors to a grain size effect. The Raman spectra of our high-P phase are similar to those they found for single crystals in an Ar medium. However, their high-P phase observed in single crystal without a pressure medium shows more modes than that in an Ar Figure 4 . (a) The R 1 line width and (b) the R 1 and R 2 separation of ruby fluorescence spectra. Circles are from our Raman study with an Ar medium while squares are from a sample loaded with Ca(OH) 2 without a pressure medium (closed and open symbols represent data taken on compression and decompression, respectively). The solid line is a polynomial fit to the non-hydrostatic compression data. We also present measurements in other media [Takemura, 2001; Shen et al., 2004] . The inset shows ruby fluorescence spectra in an Ar medium at 1 bar and 18 GPa, and in no medium (NH) at 18 GPa.
medium. In addition, they found that single crystal Ca(OH) 2 amorphizes without a pressure medium at 22 GPa, where we clearly see that our sample remains crystalline. Therefore, deviatoric stress still plays a role for their observations, in addition to the grain size effect. The powder results of Ekbundit et al. [1996] are in disagreement with our observations. We note that bridging of the sample between the diamond anvils can result in severe deviatoric stress even under an Ar medium.
[19] P-induced amorphization was also reported in serpentine, an important hydrous mineral with a layered structure in subducting slabs, at 6 -25 GPa and 300 -900 K, with associated acoustic emissions at pressures that coincided with the depths of deep-focus earthquakes in the down-going slab [Meade and Jeanloz, 1991] . This measurement was conducted without a pressure medium. A subsequent study [Irifune et al., 1996 ] using a multi-anvil press found a transition to a crystalline phase, instead of amorphization. Based on our results, it is likely that the discrepancy results from deviatoric stress. In addition, the cases of serpentine and portlandite may indicate that the high-P behavior of hydrous phases in subducting slabs could be very sensitive to local deviatoric stresses.
[20] Besides Ca(OH) 2 , many other materials with different bonding types have been shown to undergo P-induced amorphization [Sharma and Sikka, 1996] . An interesting case is quartz. Earlier studies reported a transition to a crystalline phase at 21 GPa and subsequent amorphization at pressures over 30 GPa [Hemley et al., 1988] . However, a more recent study with a quasi-hydrostatic medium, He, has shown that quartz transforms to a crystalline phase at 40 GPa instead [Haines et al., 2001] . The Si -O bond in quartz is both ionic and covalent [Gibbs et al., 1994] , whereas Ca(OH) 2 has ionic bonding in the Ca-O sublattice and van der Waals bonding between the Ca -O layers. Nevertheless, they both show extreme sensitivity to deviatoric stresses at high P. This implies that P-induced amorphization observed in a wide range of materials should be carefully investigated under controlled stress conditions.
